Abstract-The aim of this letter is to discuss the influence of radar frequency on the relationship between surface soil moisture and the nature of radar backscatter over bare soils. In an attempt to address this issue, the advanced integral equation model was used to simulate backscatter from soil surfaces with various moisture vertical profiles, for three frequency bands, namely, L, C, and X. In these computations, we investigated the influence of the vertical heterogeneity of soil moisture on the characteristics of the backscattered signals. The influence of radar frequency is clearly demonstrated. A database produced from Envisat ASAR and TerraSAR-X data, which was acquired over bare soils with in situ measurements of moisture content and ground surface roughness, was used to validate the utility of taking the soil moisture heterogeneity into account in the backscatter model.
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I. INTRODUCTION

S
OIL moisture plays a key role in hydrological and climatic studies. Electromagnetic analytical backscatter models (Kirchhoff models, the small perturbation method, and, more recently, the integral equation model (IEM) [1] and the advanced IEM (AIEM) [2] ) have been used to estimate soil moisture. However, various experimental measurements have shown that their use must be restricted to specific conditions. To reduce the discrepancy between these models and real data, various improvements have been made in the description of roughness, [3] . Over the past decade, new numerical methods have also made it possible to improve understanding of Manuscript backscatter phenomena [4] . Simultaneously, various empirical approaches have been proposed, allowing the operational use of radar signals for the estimation of soil moisture. In this context, when the soil moisture is between approximately 10% and 35%, a linear relationship is often observed between surface moisture and the strength of the backscattered signal [5] , [6] . This is generally considered to be approximately true for this range of soil moistures for a given study site. However, this linear relationship is not observed for surface backscatter models using surface roughness parameters and a dielectric constant corresponding to homogeneous soil. Instead, it is replaced by a relationship that saturates at soil moisture values of approximately 25% [1] .
Soil moisture is often considered to have a homogeneous vertical profile. For studies in the L, C, and X frequency bands, empirical and semiempirical models are often calibrated using soil samples collected down to a depth of 5 cm, in which the moisture content is assumed to be homogeneous. In recent years, some studies have revealed that using the actual inhomogeneous soil moisture profile can make a significant difference in the results obtained from backscatter models [7] - [9] . Fung et al. [7] have shown that discrepancies greater than 2 dB can occur in backscatter simulations, depending on whether the moisture is assumed to be homogeneous or to vary as a function of depth. Le Morvan et al. [9] found a limited effect in humid regions, where the soil moisture profile is characterized by relatively small variations. In semiarid regions, the moisture content can vary quite strongly as a function of depth due to the high ambient rate of evaporation and the small number of rainfall events [10] . Concurrent with these discussions, various algorithms based on either physical models or statistical or empirical analyses have been developed in recent years to estimate soil moisture [5] , [6] . It is important to have a clear and precise understanding of the quantities estimated with each data set and inversion technique.
The aim of this letter is to propose an approach based on the AIEM model, in which the vertical soil moisture profile is taken into account. In Section II, we present computations of Fresnel coefficients and penetration depth for a heterogeneous vertical soil moisture profile. In Section III, we present AIEM model simulations using the proposed dielectric model, in which the influence of frequency is also considered. In Section IV, we propose an approach allowing these simulations to be validated using actual radar measurements (Envisat ASAR and TerraSAR-X) over bare soil test fields. Finally, conclusions are presented in Section V.
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II. ANALYSIS OF THE SOIL MOISTURE PROFILE
A. Computation of the Fresnel Coefficients
To analyze the influence of a nonuniform vertical soil moisture profile on backscatter simulations, we introduce the notion of a multilayer soil surface, leading to dielectric constant variations as a function of depth. We estimated the soil's effective permittivity on the basis of the Fresnel coefficients determined for the interfaces between adjacent layers [7] . This effective permittivity is used as an input to the AIEM model, through the computation of a global Fresnel coefficient. In this letter, we consider four layers (0-1, 1-2, and 2-3 cm and a deeper layer, extending below 3 cm) for soil characterization. This distribution was chosen because, as a consequence of the evaporation process, the largest variations are generally observed in the first 3 cm of depth [9] . The coefficients R 3 , R 2 , R 1 , and R 0 are the Fresnel coefficients at the boundaries among the four layers.
In the following, we provide an example of the computations used in the case of horizontal polarization only. In practice, we found very similar results for horizontal and vertical polarizations.
B. Penetration Depth Computation
The penetration depth δp of the radar wave is defined as the depth at which the power of the incident wave, i.e., P 0p , is reduced by a factor of e [11] . In homogeneous soil, the power P p transmitted at a depth d can be expressed as
where γ 1,p is the transmissivity, i.e., the Fresnel power coefficient at the interface between air and the soil surface; the exponential factor is the propagation factor in the soil. k 1z is the z-component of the wavenumber in soil, i.e.,
where ω is the radian frequency, μ 0 is the permeability of air, ε 0 is the absolute permittivity of air, ε i is the complex relative permittivity of layer i, θ i is the incidence angle at the air-soil interface, and K is the wavenumber. For the case of a multilayer profile, the power transmitted into nth layers can be calculated using
where d i is the thickness of layer i, and γ i−1,p is the transmissivity of the interface between layers i − 1 and i.
By assuming that P p /P 0p = 1e in (9), it follows that the penetration depth δp corresponds to the depth of layer n, which is defined by the equality
C. Generation of Simulated Soil Moisture Profiles
To analyze radar backscatter from surfaces with a heterogeneous vertical soil moisture profile, we simulated six different vertical moisture profiles, representing the influence of variations in soil moisture with depth following a rainfall event, as a function of time. Fig. 1 illustrates these six profiles, as a function of depth between 0 and 5 cm. The first profile (Prof1) corresponds to homogeneous soil with a volumetric moisture content equal to 30%. For the five other profiles, the soil moisture can be seen to progressively decrease from its maximum value at 5 cm to a minimum value at the surface, as a result of evaporation effects. The last profile (Prof 6) corresponds to nearly homogeneous soil moisture characterized by a volumetric moisture content close to 7%. For all profiles, we considered the soil moisture to be homogeneous at depths greater than 5 cm.
To simplify the scenarios discussed in this study, in agreement with Section II-A, we consider each soil profile to have four layers, with the first from 0 to 1 cm (d1 = 1 cm), the second from 1 to 2 cm (d2 = 1 cm), the third from 2 to 3 cm (d3 = 1 cm), and the fourth for all depths below 3 cm.
The penetration depth increases as the soil moisture content or the radar frequency is decreased. It is also important to note that the assumption of a uniform value of 5 cm for the penetration depth is not consistent with the results found in this study. In fact, for the range of soil moisture profiles considered in this study, the mean penetration depths are found to be approximately 6, 2.2, and 1 cm at the L-, C-, and X-bands, respectively.
In the following section, we discuss the influence of multilayer moisture profiles on the radar backscatter predicted by AIEM simulations. Fig. 2 compares the AIEM simulations derived with two different configurations, namely, a four-layer moisture content profile with incorporation of penetration depth and a singlelayer with homogeneous soil moisture equal to the mean value determined for the first 5 cm. The six profiles presented in the previous section were used. The backscatter simulations were performed in HH polarization at the three frequencies corresponding to the L-, C-, and X-bands, with an RMS soil height equal to 0.6 cm, a correlation length equal to 6 cm, and an exponential correlation function. The corresponding texture is composed of about 30% sand, 40% clay, and 30% silt. The input moisture values were taken to be the mean values computed from simulated moisture profiles for each respective layer (0-5 cm, 0-1 cm, 1-2 cm, 2-3 cm, etc.). The dielectric constant of each layer, which is a function of the volumetric moisture and the texture, was computed using the algorithm proposed by Hallikanen et al. [12] . In Fig. 2(a)-(c) , corresponding to the three frequencies of interest, the coordinates of each point correspond to the simulated signal strengths found for a single layer (ordinate axis) and each of the six four-layer soil moisture simulations (abscissa axis). Errors resulting from the use of a single-layer description are clearly small for high and low moisture values, for which it can generally be assumed that the soil profile is nearly homogeneous after prolonged consistent meteorological condition [9] , [10] . However, for the other cases corresponding to intermediate soil moisture content, the discrepancy between the simulated signal strengths can be greater than 2 dB.
III. AIEM MODEL SIMULATIONS
A. Comparison Between AIEM Simulations Using Four-Layer and Single-Layer Configurations
The RMS error (RMSE) for the two types of simulation (four-layer AIEM model simulations and AIEM simulations with homogeneous conditions) is 0.97 dB at the L-band, 1.3 dB at the C band, and 1.3 dB at the X-band. Fig. 3 shows the relationships between soil moisture and simulated radar backscatter at a 20
B. Relationship Between Soil Moisture and Simulated Radar Backscatter
• angle of incidence at the three frequencies, namely, 1.25 GHz [see Fig. 3(a) ], 5.3 GHz [see Fig. 3(b) ], and 9.65 GHz [see Fig. 3(c) ], for the same six simulated profiles. Each point in this figure corresponds to the AIEM-computed value, corresponding to one simulated profile. Three sets of simulations are associated with each of these figures: The first (Case 1) consists of AIEM four-layer simulations for each of the three frequencies as a function of soil moisture estimated between the surface and a penetration depth with variable moisture content, the second (Case 2) corresponds to simulations using a four-layer model as a function of soil moisture content estimated as an average over the first 5 cm in depth, and the third (Case 3) corresponds to AIEM simulations made for a single-layer soil moisture profile estimated as an average over the first 5 cm in depth.
These results lead to three conclusions. First, a nearly linear relationship is found, as shown in Fig. 3 , between the soil moisture estimated at a depth average over top 5 cm and the AIEM multilayer model (Case 2), for soil moisture between 7% and 30%. This linear relationship is not consistent with physical backscatter models for which homogeneous soil moisture conditions are assumed, as shown by various theoretical studies [1] and our own simulations (Case 3). Using physical analytical models, a logarithmic relationship is generally retrieved, which Second, we observe that the L-band frequency has the smallest discrepancies between different model simulations (Cases 1, 2, and 3). This result is also consistent with other experimental and theoretical results, showing that there is a smaller discrepancy between the real data and model simulations at L-band [13] . This behavior is partially due to the fact that the L-band has the greatest penetration depth, which is close to the 5-cm reference depth for medium moisture values. The X-band frequency has the largest difference between cases. This implies that at X-band, there is a high risk of errors being introduced through the use of theoretical backscatter models if soil moisture heterogeneities are not taken into account in the dielectric constant estimation. Finally, the results based on theoretical models indicate that significant discrepancies can exist with a linear relationship often assumed in empirical inversion techniques at C-and X-bands. This effect could have significant impact on soil moisture retrieval for large vertical gradient in soil moisture, such as those observed under certain specific meteorological conditions, for example, under high evaporation conditions. In fact, most empirical approaches (e.g., change detection methodology and/or a simple relationship between data and ground measurements) use a linear relationship for the soil moisture estimation consistent with Case 2 simulations, as opposed to other methods based on physical backscatter models, which often assume the soil moisture conditions to be homogeneous (Case 3). The consistency observed between the empirical relationships and Case 2 can be explained by the fact that the latter scenario produces almost the same conditions as an empirical approach based on radar simulations in which the actual soil heterogeneity is taken into account. Under these conditions, the estimated value of the soil moisture content estimated as an average over the first 5 cm in depth is taken as the second variable in the empirical relationship. 2) Satellite Database: Radar measurements were acquired with two sensors, i.e., Envisat ASAR (C-band, 5.6 cm) and TerraSAR-X (X-band, 3.1 cm). The ASAR data were acquired over the study site using the configurations described in Table I . Two TerraSAR-X images were acquired at a high incidence angle (35 • ), at HH polarization, (see Table I ). Following radiometric calibration of the radar images, they were georeferenced using a Satellite Pour l'Observation de la Terre/Haute Résolu-tion Visible optical image.
IV. EXPERIMENTAL DISCUSSIONS
3) Ground-Truth Measurements: The field campaigns described in this study were performed in three bare training fields (F1, F2, and F3) . Concurrent with the radar measurements, ground-truth measurements of soil roughness, moisture content, bulk density, and texture were made on the three test fields. The last three variables are needed to estimate the soil's dielectric constant.
Soil moisture: Soil moisture measurements were performed to estimate soil moisture profiles within the top 5 cm (0-1, 1-2, and 2-5 cm), using a gravimetric method with more than ten samples per field.
On each date, measurements were performed for each of the three tested fields. Fig. 4 illustrates various volumetric soil moisture profiles measured during the experimental campaigns. It can be clearly seen that the hypothesis of a uniform soil moisture profile is valid only for large values of soil moisture. In most other cases, the soil moisture is found to increase with increasing depth. We observed more than 10% difference in volumetric moisture between the first layer (0-1 cm) and the third layer (2-5 cm).
Soil texture: For each test field, several soil samples were taken and processed in the laboratory. Only small differences in texture were found among the three fields, and the mean values were 39% for sand, 41% for clay, and 20% for silt.
Soil roughness: Soil roughness measurements were made using a pin profiler, with a total length of 1 m and a resolution of 2 cm. Since the surface height profile is considered to be ergodic and stationary, we can compute an exponential correlation function for each profile and derive two statistical parameters, namely, the RMS surface height (vertical scale of roughness) and the correlation length (l). The RMS height ranged between 1.1 and 1.9 cm, and the correlation length ranged between 3.8 and 6.1 cm. soil moisture, these data are characterized by a greater range of values than that obtained with TerraSAR-X, using a fixed angle of incidence. As also observed in other studies [9] , the single-layer AIEM simulations were found to underestimate the measured radar data, which were characterized by a bias and an RMSE, respectively, of 1.4 and 2.2 dB for the C-band and 2.8 and 2.7 dB for the X-band. The multilayer simulations provided improved results, with good agreement between simulations and real data for C-and X-bands. The bias and the RMSE were 0.5 and 1.3 dB, respectively, for the C-band, and 0.8 and 1.0 dB, respectively, for the X-band. These results have also revealed some of the limitations of the AIEM model, as has been already demonstrated by [4] , from comparison with results determined with the NMM3D technique.
B. Comparison Between AIEM Simulations and Measured Radar Signals
V. CONCLUSION
In this letter, we illustrate the influence of moisture profile heterogeneities on the backscattered radar signal. The AIEM multilayer model is shown to produce different results from the AIEM single-layer model, in the case of heterogeneous profiles, particularly those having a moderate level of soil moisture. A clearly linear relationship was established between the multilayer model and the moisture estimates taken at a depth of 5 cm, in the three frequency bands of interest (L, C, and X). This linear relationship between the multilayer model and the moisture content becomes nonlinear for soil moisture estimates made at the penetration depth, as well as for simulations of homogeneous conditions. Linear behavior is generally observed in real data. Relationships between moisture and backscatter simulations were observed as a function of frequency and moisture heterogeneity. The least significant influence of moisture profile heterogeneities was found at L-band. This is due to the fact that the L-band penetration depth is approximately 5 cm for medium moisture levels, whereas the penetration depth for the C-and X-bands is around 1 cm. A large difference for the 5-cm volumetric soil moisture exists if the moisture profile is heterogeneous.
Analysis of radar data measured by Envisat ASAR and TerraSAR-X in C-and X-bands confirms our theoretical results, with the RMSE between simulations and data being improved to 1.3 and 1.0 dB for the multilayer model, as opposed to 2.2 and 2.7 dB for the single-layer model, in the C-and X-bands, respectively.
